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ABSTRACT
The intention of this study is to explore the thermoluminescence
properties of beta-irradiated Li–Zn fluoroborate glass. The glow-
curve corresponding to 10Gy shows two peaks when measured at
1°C/s. The dose response of the glass to beta irradiation was inves-
tigated. The trapping level parameters such as activation energy,
frequency factor and order of kinetics associated with the observed
glow-peak were determined using differentmethods. The thermolu-
minescence is affected by thermal quenching. A possiblemechanism
for the thermoluminescence is described.
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1. Introduction
The existence of localised energy levels in the forbidden energy gap of insulators and semi-
conductors is a consequence of lattice defects or impurities in these materials. Such point-
defects can be analysed using thermoluminescence (TL), a technique useful for radiation
dosimetry (1). TL is producedwhen an irradiatedmaterial is heated at a controlled rate. The
ionising radiation produces free electrons and some of which get trapped at point-defects
in the material. The heating releases some of the trapped electrons, which then recom-
bine with holes at luminescence centres to produce luminescence. The signal appears as
a temperature-dependent set of peaks (glow-curve) where each peak corresponds to a
specific localised energy level.
TL can be used to study the effects of high dose incurred during various radiation pro-
cesses, such as in nuclear power plants, food irradiation, radiotherapy andmedical product
sterilisation (1–3). The suitability of glass for radiation dosimetry has been the subject of
voluminous studies over the years (4–6). There have been many studies of borate-based
glass owing to its thermal stability, transparency, lowmelting point and comparatively easy
synthesis process (7, 8). The investigation of borate glasses particularly as a TL material has
long been of interest because of its potential as a laser host, lamp phosphor in photonic
devices and as a dosimeter for radiotherapy (4–6). The disadvantages of pure borate glass
are its high hygroscopicity and a weak intensity TL glow-peak (9). Upon modification of
borate glass with alkali ions, its resistance to moisture can be improved and its melting
point along with the viscosity of the melts can be decreased (7, 10).
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Lithium has been extensively incorporated in borate glasses as a modifier in order to
decrease the melting point, viscosity and hygroscopicity (11). Moreover, lithium is use-
ful in enhancing the stability of borate glass because lithium forms an ionic bond with a
non-bridging oxygen (NBO) to create colour centres (12). Furthermore, since lithium does
not have energy levels within 10 eV of the ground state, the presence of lithium in borate
glass would be involved in the TL stimulation rather than in the TL emission (13). It has
been reported by Reddy et al. (5) that lithium borate glass is a better candidate for TL than
sodiumborateglass. In addition, thedose responseof lithiumborateglass is linear, a feature
suitable for TL dosimetry (12).
The presence of Zn in borate glass aids the formation of glass network by creating an
NBO (14). Also, since fluorine can act as an active mineralizer in the glass, it causes the for-
mation of colour centres during irradiation (5). Moreover, fluorine aids the replacement of
the activator in the lattice as it also behaves as a co-activator (13).
TL studies of lithium borate compounds have previously been reported by Schulman
et al. (15). A number of other TL investigations have also been carried out on alkali- and
alkaline-earth-incorporated borate-based materials (4–6). Even though there have been
previous reports on the TL of lithium zinc borate (16) and lithium fluoroborate glasses (5),
here we report the TL of Li–Zn fluoroborate glass (25 Li2O+ 65 B2O3 + 10 ZnF2). We report
dose response, kinetic analysis and also describe a possible mechanism for TL in Li–Zn
fluoroborate glass.
2. Experimental
The glass, with a molar composition of 25 Li2O+ 65 B2O3 + 10 ZnF2, was synthesised by
the conventional melt quenching technique. A 20 g batch composition of the chemicals
was thoroughlymixed and subsequentlymelted in an electric furnace at 900°C for about 30
min. Themelt was poured onto a preheated brass plate and annealed at 300°C for 10 h and
then cooled to room temperature. The glass obtainedwas powdered for TLmeasurements.
Systematic procedures for glass fabrication along with its optical and dielectric properties
have been reported elsewhere (7).
The sample was placed on a stainless steel disc of diameter of 10mm and the TL mea-
sured using a RISØ-TL/OSL/DA-20 Luminescence Reader in a nitrogen atmosphere. The
nitrogen atmosphere helps to preclude chemiluminescence and false signals from air and
improves the thermal contact between heater planchet and sample holder. Sample irra-
diation was done at ambient temperature using a 90Sr/90Y beta source at a nominal rate
of 0.1028Gy/s. Luminescence was detected using an EMI 9235QB photomultiplier tube
through a 7mm thick Hoya U-340 filter of transmission band 250–390 nm. In this report, all
lines through data points in figures are only visual guides unless otherwise specified. Also,
error bars in the figures are standard deviations estimated from three sets of experimental
data measured on the same aliquot of the sample unless stated otherwise.
3. Results and discussion
3.1. General features of the TL glow-curve
A glow-curve wasmeasured from Li–Zn fluoroborate glass at 1°C/s after irradiation dose to
10Gy. The intensity of the glow-curve corresponding to 10Gy was found to be very low.
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Figure 1. The TL glow-curves of Li–Zn fluoroborate glass before and after annealing corresponding
to 10 Gy at 1°C/s. The inset compares glow-curves measured repeatedly at 1°C/s following 10 Gy beta
irradiation.
The weak TL intensity of Zn-modified borate glasses compared to Ca- and Cd-modified
borate glasses has been reported by Anjaiah et al. (16). Furetta reported that annealing can
enhance the TL sensitivity by removing all previous irradiations and corresponding signals
(17). Therefore, the sample was annealed at 500°C for 1 h before further TL measurements.
The main objective of this work is to obtain the kinetic parameters of the material rather
than to experimentally demonstrate the intensity dependence of annealing temperature.
Figure 1 compares the TL glow-curve before and after annealing. The glow-curve of the
annealed sample shows two peaks at 60°C and 117°C, which are designated as p1 and p2,
respectively. Peak p1 is of low intensity. All the analysis presented in thisworkwas therefore
carried out on themain peak (p2) only. In order to investigate the reproducibility of peak p2,
TLwasmeasured six times for the samedose andheating rate. The coefficient of variation of
the peak intensity for six repeatedmeasurementswas estimated to be 1.37%. As the inset of
Figure 1 confirms, the TLwas steady and reproducible. Therefore, all furthermeasurements
were carried out on the annealed sample and the TL measurements limited to 300°C.
3.2. Influence of irradiation dose on peak position
Figure 2 shows the dependence of position of peak p2 on dose in the range 10–190Gy. The
peak temperature (Tm) decreases slightly with the dose as shown in the inset. According
to TL theory, the peak temperature of a second-order peak is expected to decrease with
increase in dose, whereas that of a first-order peak is expected to be independent of dose
(1). In the present case, the result itself is not sufficient to reveal the order of kinetics since
the decrease in Tm is negligible.
3.2.1. Dose response
Figure 3 shows the dose response for peak p2. The dose response can be modelled as
y(D) = aDq, (1)
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Figure 2. TL glow-curves of Li–Zn fluoroborate glass corresponding to different dose at 1°C/s. The
inset shows the position (Tm) of peak p2 versus dose. The slope of the regression line in the inset is
−0.02± 0.01, which indicates a slight decrease in Tm with dose.
Figure 3. The dose response of peak p2. The solid line through the data points is the best fit of Equation
(1). The inset shows the nature of superlinearity g(D) and supralinearity f (D) indices of peak p2.
where y(D) is the analytical dose dependence of the TL intensity,D is the dose in Gy and a, q






f (D) = y(D)/D
y(D1)/D1
, (3)
where g(D) and f (D) are the superlinearity and the supralinearity indices, respectively
(18, 19). y′(D) and y′′(D) are respectively the first- and second-order derivatives of y(D).
g(D) = 1.01 and f (D) ≈ 1.0 shows that the dose response is linear for the dose range
10–190Gy.DeWerdet al. (20) studiedbothglassy andcrystalline Li2B4O7:Mnandconcluded
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that the glassy Li2B4O7:Mn showed better linearity in dose response than the crystalline
Li2B4O7:Mn.
3.3. Kinetic analysis
The kinetic analysis of the TL of Li–Zn fluoroborate glass was done using seven differ-
ent procedures, namely Tm−TSTOP, initial-rise, whole glow-peak, peak shape, glow-curve
deconvolution, variable heat rate and isothermal decaymethods, discussed in standard text
books on TL (1, 18).
3.3.1. Tm−TSTOP method
In this method, a sample irradiated to 10Gy was first heated to 50°C (TSTOP) at 1°C/s. The
sample was then cooled down to ambient temperature and then the whole glow-curve
recorded at the same heating rate. The position Tm of peak p2 was noted. The process was
repeated by increasing TSTOP by 2°C up to 108°C. Figure 4 shows the Tm−TSTOP curve for
peak p2. Tm remains constant with TSTOP in the region of 50–80°C and then the peak shifts
towards higher temperature beyond 80°C of TSTOP values. The horizontal region indicates
that there are no overlapping components of peak p2 (21). This is the important conclusion
from this test. The overall behaviour of the Tm−TSTOP plot, with a slight increase in Tm with
TSTOP is not conclusive as to the order of kinetics, and further tests to determine the order
of kinetics are described later in the text.
3.3.2. Initial-rise method
The TL was analysed using the well-known initial-rise (IR) method (18), where the TL
intensity I(T) is described by





where c is a proportionality constant, k is Boltzmann’s constant and E the activation energy.
Before use of the method, the peak at the lower temperature side of peak p2 was removed
Figure 4. The peak temperature (Tm) versus preheat temperature (TSTOP).
328 S. THOMAS ANDM. L. CHITHAMBO
by thermal cleaning. The activation energy E corresponding to 10Gy was found to be
0.96± 0.09 eV.
3.3.3. Whole glow-peakmethod


















where β is the heating rate, b is the order of kinetics and n(T) is the area under the glow-
peak. The effective frequency factors s′ and s′′ (18) are functionally related by
s′′ = s′nb−10 , (6)
where n0 is the initial concentration of trapped electrons. The method was applied on
peak p2 isolated using thermal cleaning. Plots of ln(I/nb) versus 1/kT for different values
of b between 1.3 and 1.7 were made and the one corresponding to b = 1.6 was the best
option. This result reveals the general order kinetics of the peak. The activation energy E
was obtained as 0.97± 0.01 eV, very close to the value obtained using the IR method. The
value of the effective frequency factor was estimated as s′′ = 2.47× 1011 s−1.
3.3.4. Peak shapemethod








where for a given peak α stands for τ , δ and ω corresponding to the half-width on the ris-
ing side (τ ), the half-width at the fall-off side (δ) or the full-width (ω) at half maximum. The
constants cα and bα are given by
cτ = 1.510 + 3.0(μ − 0.42), bτ = 1.58 + 4.2(μ − 0.42); (8)
cδ = 0.976 + 7.3(μ − 0.42), bδ = 0; (9)
cω = 2.52 + 10.2(μ − 0.42), bω = 1; (10)
where μ = δ/ω is the geometrical factor. The PS method was applied on peak p2 after
removing peak p1 by thermal cleaning. The activation energies obtained using Equations
(7)–(10) were Eτ = 0.97± 0.12 eV, Eδ = 0.99± 0.12 eV and Eω = 0.98± 0.12 eV. The value
of geometrical factorμwas estimated as 0.47± 0.08, which is consistentwith general order
kinetics. Balarin (24) suggested a graph which provides the order of kinetics as a function
of the parameter γ = δ/τ and its value can vary from 0.75 for first-order kinetics to 1.1 for
second-order kinetics. In thepresent case the valueof γ was estimated as 0.88,which shows
general order kinetics. The results found in this analysis are consistent with the conclusion
of previous methods.
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3.3.5. Curve fitting
In order to illustrate an independent analysis of the kinetic parameters, peak p2 isolated by
thermal cleaningwas analysed using curve fitting on the basis of general order kinetics. The























where  = 2kT/E, Zm = 1 + (b − 1)m and m = 2kTm/E (25). The goodness of fit was
calculated by the figure of merit (FOM) as follows:
FOM =
∑
p |yexp − yfit|∑
p yfit
(12)
where yexp and yfit are the experimental data and values from the fitting function, respec-
tively (18). In this regard, the fit is acceptable when FOM ≤ 3.5%. The frequency factor (s)
corresponding to these values can be calculated using the equation
s = βE







where β is the heating rate. Figure 5 shows the result where the solid line through the data
points is the best fit of Equation (11). The FOM of the peak was found to be 3.5% and thus
the fit is acceptable. The order of kinetics b was obtained as b = 1.37± 0.05, indicative of
general order kinetics, and the activation energy as E = 0.98± 0.03 eV. The frequency fac-
tor swas calculated as 3.31× 1011 s−1. The values of trappingparameters foundusing curve
fitting are thus consistent with those obtained from the previous analysis.
Figure 5. The curve fitting of peak p2 along with the residuals of the fit. The solid line through the data
points is the best fit of Equation (11).
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3.3.6. Variable heating ratemethod
In the variable heating rate (VHR) method (26), the relationship between the heating rate














where all parameters are as previously defined. The values of the activation energy (E) and
the frequency factor (s) can be obtained from the slope E and the intercept ln(E/sk) of the
plot of ln(T2m/β) versus 1/kTm. The technique was applied using three sets of measure-
ment with heating rates, from 0.1 to 3°C/s. The plot of ln(T2m/β) versus 1/kTm is shown in
Figure 6, from which, the values obtained are E = 0.94± 0.04 eV and s = 1.08× 1011 s−1.
These results for peak p2 compare favourablywith those obtained using previousmethods.
3.3.7. Thermal quenching
Figure 7 shows glow-curves obtained at different heating rates. The inset shows the vari-
ation of the peak integral as a function of heating rate. In the absence of quenching, the
peak integral is expected to be independent of the heating rate. In the present case, the
peak integral decreases with heating rate. This behaviour is due to thermal quenching, that
is, increase in non-radiative recombinations as the heating rate is increased (18).
Thermal quenching can be described compactly as
A
IQUE





where IQUE is the quenched peak integral, A is the unquenched peak integral, W is the
activation energy of thermal quenching and C is a constant (18). Since thermal quench-
ing is a temperature-induced effect, its consequence is better apparent for higher heat-
ing rates and less for low heating rates. For this reason, the peak area of the glow-
curve obtained using 0.1°C/s, the lowest heating rate, was used as the peak integral of
the unquenched glow-peak (A). Figure 8 shows a semi-logarithmic plot of (A/IQUE)−1
Figure 6. A plot of ln(T2m/β) versus 1/kTm for peak p2. Solid line through the data points is the best fit.
RADIATION EFFECTS & DEFECTS IN SOLIDS 331
Figure 7. Comparison of glow-curves recorded at different heating rates. The inset shows the variation
of peak integral of peak p2 as a function of heating rate.
Figure 8. A plot of ln((A/IQUE) − 1) versus 1/kTm. The solid line through the data points is the best fit.
The inset shows a plot of η(T) against measurement temperature.
against 1/kTm. The quenching parameters were determined as W = 1.01± 0.02 eV and
C = 1.28× 1014. According to the configurational co-ordinate model, this means that an
electron in an excited state can decay non-radiatively to the ground state by absorb-
ing an energy ∼1.01 eV. The luminescence efficiency was calculated using the values of
quenching parameters for the entire temperature range by the expression
η(T) = 1
1 + C exp(−W/kT) , (16)
where all parameters are as previously defined. The inset to Figure 8 shows a plot of
η(T) against measurement temperature, T. The result, which shows efficiency decreasing
with measurement temperature, quantitatively verifies that peak p2 is affected by thermal
quenching.
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3.3.8. Isothermal decaymethod
The kinetic analysis was augmented by the isothermal decay method. This uses the decay
of TL with time at a constant temperature (18, 19). For this experiment a sample exposed
to 10Gy was heated to 70°C at 1°C/s in order to deplete the electron trap responsible for
peak p1 and then cooled down to ambient temperature. Subsequently the temperature of
the sample was raised and kept constant at 84°C and phosphorescence recorded for 2000
s. The sample was then heated to 300°C to clear all charge in all electron traps. This whole
process was repeated for seven measurement temperatures from 84°C to 108°C in steps of
4°C. Figure 9 shows a normalized plot of phosphorescence intensity against time for differ-
entmeasurement temperatures. The possibility of first-order kinetics can be ruled out since
the decay curves are not linear.











where I0 is the intensity at t = 0, It the intensity at time t, T the measurement temperature
and all other parameters have their usual meanings. Equation (17) offers a straight line for
(It/I0)(1−b)/b versus time for a suitable value of bwith a slopem, where






Thus graphs were drawn with different values of b and the best linear regression obtained
was taken as the final value of b. This was determined as b = 1.4 for 84°C and b = 1.5 for
all the other measurement temperatures and the slope (m) was found for each such graph.
Figure 10 shows a plot of ln(m ± m) against 1/kT. Using the slope and the intercept of
the regression line shown in Figure 10, the values of the activation energy and effective
frequency factor were obtained as E = 0.97± 0.03 eV and s′′ = s′nb−10 = 1.81 × 1011s−1.
These results are in good agreement with those calculated using TL glow-curves.
Figure 9. The normalised isothermal decay curves on a semi-logarithmic scale.
RADIATION EFFECTS & DEFECTS IN SOLIDS 333
Figure 10. A graph of lnm versus 1/kT. The solid line through the data points is the best fit from linear
regression. The error bars are standard deviations obtained from the best fit of (It/I0)(1−b)/b versus time
for the suitable value of b.
3.3.9. Comparison of kinetic parameters
Table 1 shows results of kinetic parameters determined using different techniques. The
kinetic parameters obtained fromdifferentmethods agree. The average value of the activa-
tion energy found from various methods is 0.97 eV, whereas the frequency factor is of the
order of 1011 s−1. All methods show that peak p2 follows general order kinetics.
3.4. Mechanisms
The analysis thus far has been concernedwith peak p2. The trap depth responsible for peak
p1 was estimated using the Urbach approximation, E ≈ 25kTm (27). This gave E ≈ 0.71 eV
for peak p1. The energy band gap of Li–Zn fluoroborate glass is Eg ≈ 3.92 eV (7). Figure 11
shows a band model proposed to explain the results obtained from the present work.
The figure is a generic schematic diagram showing the levels L1 and L2 for electron traps
responsible for peaks p1 and p2, respectively. The recombination centre is shown as R.
The electron traps L1 and L2 and recombination centre (R) in the glass matrix are pos-
sibly formed by the presence of metal cations and the structural defects present in the
glass structure. During irradiation, electrons liberated from the borate (B2O3) are trapped
Table 1. Comparison of kinetic parameters for peak p2 determined using various methods.
Method E (eV) b or order of kinetics s or s′′ (s−1)
IR 0.96± 0.09
WGP 0.97± 0.01 1.6 2.47× 1011
PS Eτ = 0.97± 0.12 General ordera
Eδ = 0.99± 0.12
Eω = 0.98± 0.12
Curve fitting 0.98± 0.03 1.37± 0.05 3.31× 1011
VHR 0.94± 0.04 1.08× 1011
Isothermal decay 0.97± 0.03 1.4 and 1.5 1.81× 1011
aThe general order kinetics from PS method was confirmed by the values ofμ and γ (see Section 3.3.4).
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Figure 11. Aschematicbandmodel of Li–Znfluoroborateglass. The trap levels L1andL2are responsible
for peaks p1 and p2, respectively. Transition 1 stands for ionisation, transition 2 represents hole transfer,
whereas arrows 4 denote thermal stimulation. Re-trapping is shown by 5 and recombination by 3. Zn+
is the electron trap and BOHC is the recombination centre.
at oxygen vacancies, thereby producing boron electron centres (BEC). Holes are simul-
taneously trapped at the bridging oxygen sites (of energy just above the valence band)
hence forming boron oxygen hole centres (BOHC). Therefore, the electron traps are the
boron electron centres (BEC) and the corresponding recombination levels are the boron
oxygen hole centres (BOHC) (9). But the radiative recombination between electrons from
BEC and holes at BOHC can take place even at the temperatures less than or equal to ambi-
ent temperature. Pontuschka et al. (9) reported that the electrons at BEC were thermally
removed from borate glass at 27°C. However, a fraction of holes at BOHC is available for
the recombination process at higher temperature when impurity ions are present in the
glass matrix. The reason for this is that some electrons from BEC centres get trapped by
the impurity ions. As a result, a similar number of holes are available in the BOHC. Some
researchers have reported that the lithium and fluorine ions in borate-based glasses can
behave as activators and co-activators, respectively and hence they can contribute only to
the enhancement of the TL response (5, 13). Therefore, for Li–Zn fluoroborate glass, some
electrons released from the BEC centres are expected to be trapped by Zn2+ ions rather
than by lithium or fluorine ions. The mechanism involved in the glass during irradiation is
suggested as
B2O3 + Zn2+ irradiation−−−−−→ BEC + BOHC + Zn2+ −→ BOHC + Zn+,
where Zn+ is an interstitial ionic defect (28). It was previously reported that Li–Zn fluorob-
orate glass is a good insulator (7). Since Zn+ has the propensity to lose the extra electron to
recover its stable state of Zn2+, whereas the BOHC centre gains that electron, the charges
[BOHC]+ and Zn+ are expected to stay close enough to form electric-dipoles (9). Con-
sequently, during heating to measure TL, electrons from the Zn+ ions are released and
recombine with the holes at BOHC centres in a process that can be described as
BOHC + Zn+ heat−−→ BOHC + Zn2+ + e− −→ B2O3 + Zn2+ + hν.
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The temperature at which the recombination process takes place may vary due to the site
occupied by the Zn+ ions. This may explain the different activation energies observed for
peaks p1 and p2.
4. Conclusions
The TL of beta-irradiated Li–Zn fluoroborate glass has been reported. TL glow-curve mea-
sured at 1°C/s after 10Gy beta irradiation shows glow-peaks at 60°C and 117°C. It was found
that the main peak at 117°C follows general order kinetics. The trap depth of the peak was
obtained as ∼0.97 eV and the effective frequency factor is of the order of ∼1011 s−1. The
kinetic parameters obtained using different methods are consistent. The TL is affected by
thermal quenching with an activation energy of 1.01 eV. The TL response of Li–Zn fluorob-
orate glass was found to be linear in the dose range 10–190Gy. Themechanism associated
with theTL in theproposedglass is that theelectrons capturedbymetal cations are released
during stimulation and then recombined with holes at boron oxygen hole centres.
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